Introduction
============

Poorly controlled seizures in childhood have a detrimental impact on the developmental brain, especially when the seizures are frequent, prolonged, and are associated with status epilepticus. The goals of epilepsy therapy in children are complete control of their seizures, improve or maintain their psychomotor development, and enhance the quality of life for them and their family. Epilepsy surgery is the method of choice to achieve those purposes, especially in patients with intractable epilepsy. Hence, epilepsy surgery for a child is decisive and requires appropriate timing.

When considering surgical therapy for childhood epilepsy, we should clearly differentiate therapeutic surgeries from the palliative ones. Neurosurgeons should aim for complete resection of epileptic focus and achieve seizure-free result. Because pediatric brain possesses extensive neural plasticity, surgical indications can be, to some extent, towards an aggressive surgical procedure, as functional recovery takes place even after resection of eloquent areas in some situations. Early surgery has an advantage to recover function and improve psychomotor development. For cases with bilateral multiple epileptic foci, negative magnetic resonance imaging (MRI), and poor general condition, the surgeon can select palliative surgery. The purposes of palliative surgery are to reduce the epileptic injury and prevent further damage of the epileptic child's development. This is an alternative for patients without indications for definitive curative epilepsy surgery.

Understanding the natural history of each etiology is important for deciding optimal surgical timing in both curative and palliative surgeries. The optimal surgical timing should allow the patients to catch up their corresponding psychomotor development. In this review, we will summarize recent advances in basic and clinical research related to pediatric epilepsy surgery, and consider its ideal timing.

Characteristics of Child's Brain and Epilepsy
=============================================

Child's brain, especially in the first few years of life, has bipolar characteristics such as neural plasticity and vulnerability.

Neural plasticity is a well-known characteristic of the developing brain. The risk for postoperative deficits can be modified if surgery is performed during stages of active brain maturation due to re-arrangement of functional localization. Areas that can compensate for motor function were reported in the premotor cortex, supplementary motor area, and parietal lobe of the affected and the contra-lateral hemisphere.^[@B1]--[@B4]^ In order to allow compensation for the motor function, only removal of cortex without the descending cortico-spinal tract is essential.^[@B5],[@B6]^ From those basic evidences, resection of only the primary motor cortex with preserving underlining corticospinal tract in a young child allows compensation of motor weakness. Therefore, motor weakness after hemispherectomy cannot be compensated completely. Projection fibers for motor function to the lower extremity, contra-lateral to the disconnected hemisphere, come partially from the ipsilateral motor cortex (non-decussating fibers). Consequently, patients can partially recover the lower extremity, but compensation for the upper extremity is less after hemispherectomy. Speech function should be under concern especially in dominant hemisphere surgery. Since we do not know any factors influencing the remodeling of brain function, we have to rely on the clinical experience accumulated in relation to patient's age. From the available literature on speech plasticity, age under 5 at the time of surgery was favorable for speech recovery.^[@B7],[@B8]^ For children with progressively deteriorating cognitive function due to intractable seizures, surgery aiming at psychomotor recovery has to be considered even in those above 5 years.^[@B9],[@B10]^ Recovery or improvement of cognitive function can be expected even in older children. Memory function does not rely only on hippocampal network integrity, but also on systematic neural networks. If a region associated with cognition is damaged, neural networks may re-organize to compensate for the affected higher cerebral function.

Child's brain is also vulnerable against insults such as fever, electrolyte abnormalities, ischemia, and intracranial hypertension.^[@B11]^ Neurosurgeons should take cerebral vulnerability into account and prepare for perioperative management together with experts in pediatric anesthesiology and clinical general pediatrics. The comprehensive management of effective and safe epileptic surgery for children is conducted in specialized facilities with the necessary level of expertise. The risk-benefit ratio influences the surgical timing. In principle, patients with complex localization of the epileptic foci and high-risk factors should be referred to the specialized epilepsy surgical unit without delay.

Surgical Candidates
===================

As a general rule, epilepsy surgery is indicated for patients with drug resistant epilepsy. The International League Against Epilepsy (ILAE) published a consensus definition of "drug-resistant epilepsy" as a failure of adequate trials of two tolerated, appropriately chosen and used antiepileptic drug (AED) schedules (whether as monotherapy or in combination) to achieve sustained seizure freedom.^[@B12]^ The definition of seizure freedom which is the achievement of a seizure-free duration that is at least three times the longest inter-seizure interval prior to starting the new intervention, or at least 12 months.^[@B12]^ These definitions can be adapted for deciding surgical indications in pediatric epilepsy. Children with intractable epilepsy can be considered for surgical indications within 12 months from starting adequate AEDs. Because the most important goal for pediatric epilepsy surgery is improvement of psychomotor development, a catch-up of an acceptable degree can be achieved even after the evaluation of AEDs according to these definitions.

Candidates of curative epilepsy surgery are those with intractable focal epilepsy. They have seizure onset before the age of 2 and have frequent seizures and mental retardation. Indeed, seizure onset of intractable epilepsy in children was 1 year or less in 46%, and less than 2 years in 60% of the patients from data of the United States, European, and Australian epilepsy centers.^[@B13]^ Physicians should actively evaluate to confirm or exclude focal epilepsy even in very young infants. Guidelines for imaging studies in infants and children with recent-onset epilepsy from ILAE recommend performing imaging studies when the patient shows any findings suspected as focal in seizure semiology or electroencephalogram (EEG) or focal neurological deficit.^[@B14]^ The Commission on Neurosurgery of the ILAE also published recommendations on proper referral and pre- and postoperative assessments.^[@B11]^ In this publication, they list up the candidates for epilepsy surgery in pediatric age as follows: cortical dysplasia, tuberous sclerosis complex, polymicrogyria, hypothalamic hamartoma, hemispheric syndromes, Sturge--Weber syndrome, Rasmussen syndrome, Landau--Kleffner syndrome, tumors, and vascular diseases ([Table 1](#T1){ref-type="table"}). The majority of these diseases can be diagnosed using the current advanced imaging studies. Nearly 50% of imaging studies in children with new focal onset epilepsy would be abnormal, and 15--20% would provide useful information on etiology and focus localization.^[@B15]--[@B17]^ The majority of pediatric epilepsy surgeries are for malformations of cortical development (MCD) and glioneuronal tumors, not hippocampal sclerosis as in adults.^[@B13]^ If MRI before 2 years of age is normal and seizures persist, repeated studies with 6-month intervals are recommended, after the age of 24--30 months, when more mature myelination has already taken place, they can reveal unsuspected cortical dysplasia.^[@B14]^

Some focal in origin epilepsy might sometimes clinically mimic generalized seizure semiology.^[@B18]^ It is well known that focal cortical dysplasia (FCD) presents with infantile spasms or non-lateralized tonic seizures, especially in early infant age. EEG is also sometimes non-indicative of localization in patients with lesional epilepsy, just showing bilateral or generalized interictal or ictal epileptic discharges. Epileptic discharges in child's brain have a tendency to spread rapidly through the commissural fibers. Therefore EEG, especially in congenital or early-acquired focal epilepsy, shows generalized or multifocal epileptic discharges. Non-lateralized seizure semiology and non-localized epileptic discharges on EEG are not a contraindication for future epilepsy surgery in children. Additionally, degenerative lesions such as ischemic etiology reduce the amplitude of epileptic discharges and the EEG record cannot depict the focal abnormality.^[@B19]^ Occasionally, Sturge--Weber syndrome and others with degenerative changes do not present clear EEG abnormality although they have progressive developmental delay.^[@B20]^ In such situations, subclinical seizures might continue, hence we have to take care of their clinical course and evaluate their epileptic activity.

Surgical Timing
===============

The critical age of irreversible brain dysfunction is a fundamental limitation for surgical treatment of children with intractable epilepsy. That depends on etiology. Therefore, for deciding the optimal timing of surgery, we must first take into account the natural history of their specific type of epilepsy. For example, the natural history of hemimegalencephaly results in uncontrolled seizures and severe developmental deterioration.^[@B21]^ In such cases, early surgery is the sole resort to overcome their fate, although there may be a burden in the peri-surgical management. Expert evaluation with a specialized surgical team is needed for such patients. Very young age is not a contraindication to surgery in children with refractory epilepsy.^[@B22]^ When neural plasticity is expected to compensate the impaired functions, early surgery can be advantageous.

According to a UK survey of pediatric neurologists' views regarding resective surgery, 86% of clinicians working at epilepsy surgery centers completed the pre-surgical work-up of their patients within 1 year, others who referred them to external epilepsy surgery centers decided on surgical eligibility within 1 year in 59% and 2 years in 97%.^[@B23]^ Their decision for referral to surgery was based on two AED trial failures and positive findings in neuroimaging.^[@B24]^ Expert pediatric neurologists seldom use AED combinations for lesional cases such as glioneuronal tumors, MCD, and vascular diseases. To decide on surgical indications for patients with intractable generalized epilepsy and MRI negative focal epilepsy, the neurologist should use two single AEDs and polytherapy. These patients may also be indicated for invasive monitoring or palliative surgery. AED efficacy should not be evaluated for a very long time, as it may result in missing the optimal timing of surgery.

Surgical Procedure
==================

A major proportion of epileptic areas in children with epilepsy can be categorized as extratemporal, multilobar, and hemispheric.^[@B11]^ Because large resections are indicated in many cases, surgery is planed considering compensation due to neural plasticity for patients less than 4 years. Patients who are older than 5 years should be evaluated to confirm functional localization using cortical mapping before the resection. When discordant data from non-invasive studies are obtained, the surgeon should consider implantation of intracranial electrodes even in infants.^[@B25]^ Invasive video-EEG monitoring can lead to successful surgical treatment.^[@B19]^ Very young age is not a contraindication for implantation of intracranial electrodes. Young children less than 4 years of age often have inadequate cortical functional arrangement, and do not respond to standard cortical stimulation.^[@B25]^ Definite language mapping by cortical stimulation is also less likely with children younger than 10.2 years.^[@B26]^ In this process, we should always consider the difficulty to identify functional localization in children and the accuracy of the result.

Hemispherectomy and mulilobar disconnection techniques have been under development until recently.^[@B27]--[@B31]^ These disconnection approaches can reduce surgical invasiveness and consequently surgical indications can be adopted at an earlier than before for children with large epileptic foci. These multilobar surgeries should be planed expecting neural plasticity. In many instances, surgical candidates already have neurological deficit, such as hemiparesis before surgery. Therefore, the risk of further neurological deterioration after surgery is small, and we can expect them to benefit from an additional neurological improvement. The disconnection method can also be indicated in single lobe surgery, for example frontal or temporal lobe disconnection ([Fig. 1](#F1){ref-type="fig"}). Incomplete disconnections seldom improve seizure severity or occasionally change seizure semiology. Epileptic discharges can propagate to adjacent areas through an incompletely disconnected white matter pathway.

Higher mortality and severe morbidity related to epilepsy surgery occurs in children younger than 3 years of age.^[@B32]^ Carson et al. reported three deaths in a series of 52 hemispherectomies in patients younger than 21 years of age, and all deaths occurred in patients aged 3 years or younger. There is a significant incidence of coagulopathies in younger children as a result of the large percentage of blood volume loss during these procedures.^[@B32],[@B33]^ In order to reduce the risk of mortality and morbidity, strict control of blood loss and management of coagulation are mandatory. The surgeon should resort to small craniotomies and shorter surgical time.^[@B27],[@B31]^

Surgical and Cognitive Outcome
==============================

Acceptable surgical seizure outcomes were obtained in the reported pediatric epilepsy surgical series. Almost 50--60% of the patients resulted in being seizure free, and 20--30% of them had rare seizures after surgery.^[@B34],[@B35]^ The etiology of childhood epilepsy was predominantly MCD, therefore complete resections lead to seizure-free outcomes. Seizure-free outcome rate of extra-temporal surgeries was relatively lower than that of temporal surgery. Even multilobar and hemispheric surgeries resulted in a better outcome than those of extratemporal single lobe, consequently achieving seizure-free outcome in 70--80% of the patients.^[@B27]--[@B31],[@B36]^ The reasons for better outcome in multilobar surgeries is the complete deafferentation carried out in younger infants, without preservation of eloquent cortex and relying on neural plasticity.

Favorable variables with seizure freedom after epilepsy surgery are reported in relation to unifocal lesion on MRI, older age at seizure onset, temporal lobe resection, complete lesionectomy, and the presence of glioneuronal tumors.^[@B34]^ Zentner et al. reported seizure-free rates on the basis of underlying pathology in 80% of neoplastic lesions, 52% of non-neoplastic lesions, and 20% of cases without histopathological abnormalities.^[@B37]^ FCD has been associated with worse surgical outcomes.^[@B38]^ The reasons for this might be multiplicity of lesions, poor detection on neuroimaging of structural abnormalities especially in type 1 of FCD, and poor correspondence of EEG and imaging findings. Epileptogenic zones in FCD are usually more extensive than the visible lesion and are multilobar in more than 70% of the patients.^[@B39],[@B40]^

Children with early onset epilepsy are more likely to have a poor neurodevelopmental outcome, because they have a tendency of having large areas of morphological and electrophysiological abnormalities. Therefore, if early surgery has a possibility to cease seizures, this successful seizure control will facilitate cognitive development and help reduce the behavioral and/or psychological burden of epilepsy on the child and the family. Many studies to date have shown that a shorter duration of epilepsy is more likely to be associated with neurodevelopmental improvement.^[@B22],[@B27],[@B34],[@B35],[@B41]^ Patients operated on at less than 12 months of age tended to improve more often than those operated on later.^[@B22],[@B27],[@B42]^ Recent advancement of neuroimaging and electrophysiological studies facilitate early prompt diagnosis and comprehensive modern surgical management can provide the performance of surgery even before 12 months of age.

Palliative Surgery
==================

Corpus callosotomy (CCS) has shown beneficial effect in 70--80% of children with drop attacks and 30% in those with tonic-clonic seizures.^[@B43],[@B44]^ Current recommendations are that the procedure should be directed to the seizure type rather than the epileptic syndrome. Total CCS resulted in a better outcome on drop attacks than the partial one.^[@B43],[@B44]^ Total CCS is essentially indicated in children. For older children and adults, the extent of callosal section is determined according to the extent of EEG abnormality.^[@B43],[@B44]^ Bilateral synchronous interictal epileptic discharges (IEDs) and frequent seizures are detrimental for child's cognitive development, therefore desynchronization of the IEDs using CCS as soon as possible after appearance of drop attacks with bilateral synchronized IEDs is practical to prevent their psychomotor deterioration.^[@B43],[@B44]^ After CCS, interictal and ictal epileptic discharges in EEG can change into focal, as well as seizure semiology can also become focal. Staged surgeries to control residual seizures after CCS can be planned and performed.

Vagus nerve stimulation (VNS) is also a palliative type of epilepsy surgery to ameliorate seizure severity and improve quality of life even in children with intractable epilepsy.^[@B45]--[@B47]^ VNS is applied in principle when a curative epileptic focus resection is not indicated or has failed at a previous surgery, and the majority of these patients do not have EEG defined epileptogenic areas. An additional diagnostic difficulty is the presence of the implanted device, incompatible with proper MRI evaluation. CCS, however, as a procedure interrupting synchronization, may reveal existing focal EEG phenomena afterwards, and that can be indicated for additional curative resective surgery.

Palliative surgeries are an important alternative to improve seizure severity and development of cognition in childhood. Physicians can apply several therapeutic strategies to combine with palliative epilepsy surgeries to attain the fundamental goal of therapy.

Conclusion
==========

Recent progress in neuroimaging and electrophysiology for pre-surgical evaluation to identify the etiology and epileptic foci location has provided significant improvement in pediatric epilepsy surgery.^[@B18]^ Improvement of peri-surgical management in pediatric epilepsy also gave the possibility of earlier surgery than before. The effectiveness and safety of epilepsy surgery for children have been established, and it is no longer a last resort of management.^[@B48]^

![Disconnection surgeries. A: frontal lobe disconnection, B: posterior quadrantectomy, C: hemispherotomy.](nmc-55-399-g1){#F1}

###### 

Candidates for epilepsy surgery in children

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Etiology                     Remarks
  ---------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Cortical dysplasia           Most common.\
                               The lesion is not always apparent on magnetic resonance imaging.\
                               Complete resection is associated with the best seizure control.

  Tuberous sclerosis complex   May have a single epileptogenic region despite having multiple tubers.\
                               A role may exit for multistaged resective procedures.\
                               α-methyl tryptophan positron emission tomography (PET) is better to detect an epileptic tuber.

  Polymicrogyria               Milder seizures may spontaneously remit.\
                               Perirolandic and perisylvian regions are common.\
                               Abnormal tissue may retain critical function.

  Hypothalamic hamartoma       Gelastic seizure is common.\
                               Several different surgical approaches, including stereotactic, endoscopic, and radiosurgical procedures have been used successfully.

  Hemispheric syndromes        Including hemimegalencephaly, hemispheric dysplasia.\
                               Hemispherectomy is frequently used to treat epilepsy.\
                               Patients are usually evaluated and treated at pediatric centers with specialized expertise.

  Sturge--Weber syndrome       Potential candidates for hemispheric and focal resection.\
                               May require urgent evaluation at a specialized surgical center when seizure first occurs in infancy or when epilepsy is associated with developmental delay.

  Rasmussen syndrome           Hemispherectomy is the only cure for progressive epilepsy and should be considered early in the course to prevent comorbidity.

  Landau--Kleffner syndrome    Few children are considered suitable for multiple subpial transection, but pediatric specialist review remains a requirement.

  Other situations             Certain epilepsies from lesions (e.g., dysembryoplastic neuroepithelial tumor, cerebrovascular insults) are common, and require evaluation at a pediatric center because of the higher risk of behavior and cognitive morbidity associated with seizure presentation in childhood.
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The Commission on Neurosurgery of the International League Against Epilepsy list up the etiology for evaluating the surgical indications.
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